Abstract. The optical and electrical properties of single Cd 1-x Mn x Te (x = 0.07 -0.40) crystals with p-type conduction and resistivity 10 4 -10 8 Ohm⋅cm have been studied. The band gaps of the samples and their temperature dependences have been determined. The electrical conductivity of this material and its temperature variation are explained in terms of statistics for electrons and holes in semiconductor with taking into account the compensation process. The energy of ionization and degree of compensation levels responsible for the electrical conductivity of the samples have been found.
Introduction
Cd 1-x Mn x Te is typical diluted magnetic semiconductor known to possess the zinc-blende structure within the range 0 < x < 0.77. Owing to its unique magnetic and magneto-optic properties [1] , Cd 1-x Mn x Te crystals can be used in many device applications, such as Faraday rotators, optical isolators, solar cells, magnetic field sensors and substrates for the epitaxial growth of Hg 1-x Cd x Te and Hg 1-x Zn x Te due to its chemical and structural compatibility [2] . More recently, Cd 1-x Mn x Te offers several potential advantages over Cd 1-x Mn x Te as a material for room-temperature X-and gamma-ray detectors [3, 4] that are widely used in science, medicine, industry, environment monitoring and other fields. Among them, Cd 1-x Mn x Te has a wide range of tunability of the band gap due to the large compositional influence of manganese. The band gap range 1.7 eV to 2.2 eV, required for substantiating an "ideal" radiation detector performance, can be realized with a relatively low (< 50%) amount of Mn compared with that of Zn in Cd 1-x Mn x Te (up to 70%) [44] . In fact, the energy band gap of Cd 1-x In this work, we study optical properties and mechanism of compensation of Cd 1-x Mn x Te single crystals with a different manganese content. The band gap and its temperature dependence are found from the optical transmission curves. Based on the experimental dependences of electrical characteristics inherent to this material and statistics of electrons and holes, we have succeeded in determining the ionization energy of the energy level responsible for the electrical conductivity and degree of its compensation. It seems that the obtained results lead to the conclusions which are important for technology.
Optical properties of Cd 1-x Mn x Te crystals
Cd 1-x Mn x Te p-type crystals have been grown by the modified melting method in graphite coated quartz ampoules with continuous stirring alloy for better uniformity. The MnTe fraction for CdTe-MnTe was within the range x = 0.07 to 0.40.
As an example, Fig. 1 shows optical transmission spectra T(λ) of a Cd 1-x Mn x Te wafer with the thickness 0.54 mm. As seen, in the λ > 650 -700 nm range this material is quite transparent: at λ = 1000 nm the optical transmission equals 0.55 -0.56.
According to the data from Ref. [6] , the coefficient of reflection R for Cd 0.8 Mn 0.2 Te at the wavelength 700 nm is 0.12 with trend of decreasing with increasing λ. The optical transmission of a wafer is determined by the expression where multiple reflections inside the sample are taken into account [7] :
where α is the absorption coefficient, d is the sample thickness.
In the region of transparency of the crystal, it is possible to ignore the absorption inside the crystal, i.e. at α = 0 and R = 0.12 from Eq. (1) one obtains:
79. This value of T exceeds the Cd 1-x Mn x Te optical transmission at the wavelength 700 nm equal to 0.55 -0.56 (Fig. 1) . Therefore, we can assume that the transmission of the crystals under study within the range of transparency is substantially limited by impurities and defects, which, besides, reduce the lifetime of charge carriers and hence the detective properties of the material.
The performed studies of T(λ) allowed us to obtain the absorption curve α in the region of interband transitions using the formula 
which is a solution of Eq. (1). [7, 8] :
where α 0 is the coefficient that can be considered independently of hν in the narrow spectral range hν ≈ E g . To obtain a linear dependence in accord with Eq. (3), the curves α(hν) in Fig. 2 are plotted in coordinates α 2 vs hν. Fig. 2 shows that the dependence α(hν) in the range of large α is consistent with Eq. (3), which justifies the as semiconductor with direct interband transitions ( Table 1) ]. The graphical comparison shows that the dependence E 12 9 − g on x for Cd 1-x Mn x Te obtained by various authors are quite close within the range x = 0.2 -0.5 but appreciably different at x = 0 (i.e. for CdTe) within 1.47 -1.53 eV [11] . Our detailed measurements of optical transmission spectra carried out on pure and perfect single crystals of Acrorad Corporation show that the CdTe band gap at 270 -300 K is 1.47 -1.48 eV. Therefore, for determining the content of Mn in the Cd 1-x Mn x Te single crystals we used the dependence E g (x) from [10] , which gives the best agreement with our E g value for CdTe:
Hence, from the found value of band gap at 300 K we can determine the Mn content in the investigated crystals by using Eq. (4) as x = (E g -1.47)/1.45. The data obtained in this way are listed in Table 1 .
From a practical point of view, the important characteristic required among other things to calculate the conductivity is the temperature dependence of the semiconductor band gap E g (Т). Fig. 3 shows the absorption curves for the Cd 0.93 Mn 0.07 Te crystal obtained at various temperatures. Fig. 4 presents the temperature dependence of the band gap found from the intersection of straight section of plots with the abscissa axis similar to those in Fig. 3 for crystals with various contents of Mn.
As seen from Fig. 4 , the E g (Т) temperature dependences can be described by linear functions that can be represented as
where E g (0) is the band gap at Т → 0, and γ is its temperature coefficient.
As seen from comparison of the data shown in Fig. 5 , the dependence of the energy gap temperature coefficient on the Mn content in Cd 1-x Mn x Te is in good agreement with the results given in Ref.
[9].
Electrical properties of Cd 1-x Mn x Te single crystals
For electrical measurements, ohmic contacts to Cd 1-x Mn x Te crystals were made by vacuum evaporation of nickel. Prior the deposition, crystal surface was chemically treated. As seen from Fig. 6 , the contacts provide linearity of current-voltage characteristics in a wide voltage range. This is the case for both polarities of the applied voltage. Fig. 7 represents the temperature dependences of the resistivity ρ of Cd 1-x 
where q is the elementary charge, μ n and μ p are the mobilities of electrons and holes, respectively, n i is the intrinsic carrier concentration Substituting the found value of E g in Eq. (6), and, again, for an estimation we take μ n = 1000 cm 2 /(V·s) and μ p = 100 cm 2 /(V·s) in Eq. (5) (5) values exceed the resistivity of the investigated crystals and CdTe with almost its intrinsic conductivity. We believe this is due to the extrinsic (impurity) character of electrical conduction of crystals. Te Mn Cd
As known, even high-purity CdTe crystals and, most probably, Cd 1-x Mn x Te crystals commonly contain high concentrations of residual impurities and intrinsic defects of both the donor and acceptor types. Therefore, explaining the above electrical characteristics it is naturally to apply the compensated semiconductor model. Bearing in mind the hole type of conductivity for this material, we can accept the Fermi level and electrical conductivity of the material to be determined by acceptor with the ionization energy E a and the concentration N a . Denoting the concentration of compensating donors by N d , for the electroneutrality equation for this semiconductor one can write:
where and are the concentrations of charged donors and acceptors, respectively.
For wide-band semiconductor under discussion, the Fermi level is located far from the top of valence band and the impurity (defect) concentrations are significant. Therefore, we can neglect the concentrations of free carriers n and p in Eq. (7) . If the level of compensating donors is shallow enough, they can be considered as fully ionized, i.e. we can accept 
The analytical solution of Eq. (8) has the form
where Δμ is the energy of the Fermi level measured from the top of the valence band, ξ = N d /N a is the degree of compensation of acceptors by donors. 
where p = 1/qρμ p . In the calculations, we ignore the weak temperature dependence of hole mobility μ p (Т) and effective densities of states in the valence bands N v (Т), because the narrow range of temperatures 280 -360 K compared with the ρ(Т).
As one can see from Fig. 8 , the Fermi level is shifted markedly in the band gap at temperature variations, and there are qualitative differences in behavior of Δμ(T) for different samples. For the Cd 1-x Mn x Te crystals, the energies of the Fermi level Δμ increase with temperature, whereas for semi-insulating CdTe, Δμ decreases with temperature. Our analysis shows that the difference between the resistivity of materials determined experimentally and calculated for intrinsic semiconductors is associated with a different degree of compensation in these materials. Comparison of the experimental dependence Δμ(T) found from Eq. (10) with the theoretical curves calculated using Eq. (9) confirms this suggestion.
Comparison of calculated and experimental dependences Δμ(T) allows us to determine with a rather high accuracy the ionization energy E a of the level responsible for the electrical conductivity of each sample and the degree of compensation ξ of acceptors by donors. Note that the experimental data coincide with the results of calculation only for one combination of E a and ξ. Variation of E a leads to a shift along the vertical axis, and variation of ξ leads to change of the angle of dependence Δμ(Т). The values of E a and ξ obtained from such manipulations, as well as other parameters of and CdTe single crystals are summarized in Table 2 . A high compensation degree ξ of local levels (0.98 -0.9997), which is typical for the effect of self- -4 eV/K have been determined. It has been shown that the conductivity of materials is determined by impurities (defects), which create energy levels in the band gap, rather than by the width of the band gap. The ionization energies of these impurities (defects) 0.3 -0.41 eV and degree of compensation 0.98 -0.9997 for the levels responsible for the electrical conductivity of the samples under study have been found.
